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PACS 74 . 25 . Dw - Superconductivity phase diagrams 

PACS 74.25.Fy - Transport properties (electric and thermal conductivity, thermoelectric effects, 
etc.) 

PACS 71.27.+a - Strongly correlated electron systems; heavy fermions 

Abstract. - We present the first comprehensive derivation of the intrinsic electronic phase di- 
agram of the iron-oxypnictide superconductors in the normal state based on the analysis of the 
electrical resistivity p of both LaFeAs0i_2;Fa; and SmFeAsOi-xFa, for a wide range of doping. 
Our data give clear-cut evidence for unusual normal state properties in these new materials. In 
particular, the emergence of superconductivity at low doping levels is accompanied by distinct 
anomalous transport behavior in p of the normal state which is reminiscent of the spin density 
wave (SDW) signature in the parent material. At higher doping levels p of LaFeAsOi-ajFj; shows 
a clear transition from this pseudogap-like behavior to Fermi liquid-like behavior, mimicking the 
phase diagram of the cuprates. Moreover, our data reveal a correlation between the strength of 
the anomalous features and the stability of the superconducting phase. The pseudogap-like fea- 
tures become stronger in SmFeAsOi-^Fa; where superconductivity is enhanced and vanish when 
superconductivity is reduced in the doping region with Fermi liquid-like behavior. 
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■ After the surprising discovery of iron pnictide super- 
conductivity in LaFcAsOi_a;Fj; [1]. strong evidence for 
unconventional superconductivity has rapidly emerged for 
this new material class. Particularly striking is a close 
interplay between superconductivity and magnetism: A 
commensurate spin-density wave (SDW) ground state has 
been observed in the undoped parent compounds [2-5], 
which is suppressed once superconductivity emerges upon 
doping [4,6-8]. It is important to note that up to now 
LaFeAs0i_2;Fa; is the only pnictide system which exhibits 
a homogeneous superconducting state [6]. Single crystals 
of intermetallic compounds [9-13] and even stoichiomet- 
ric materials where superconductivity is induced by ex- 
ternal pressure [14, 15] show a spatially inhomogeneous 
magnetic state coexisting with superconductivity. Thus 
LaFeAs0i_2,Fa; is the only known FeAs-based material 
which allows the study of the intrinsic electronic proper- 
ties of superconducting species both in the superconduct- 
ing and in the normal state. 

From extensive work on other unconventional supercon- 
ductors with a similar antiferromagnetic parent state such 
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as heavy-fermion and cuprate superconductors it is known 
that the exploration of the normal state is indispensable 
for the understanding of unconventional superconductiv- 
ity. The electrical resistivity p has been proven as a key ex- 
perimental probe for this purpose [16-20]. In this letter we 
show that also the newly discovered pnictide superconduc- 
tors show pronounced signatures of unusual normal state 
properties. In particular, the analysis of p reveals dis- 
tinct anomalies in the underdoped superconducting dop- 
ing regime, which appear as remnants of the anomalies 
that accompany the structural and magnetic phase transi- 
tions of the non-superconducting parent compounds, and 
which strongly resemble pseudogap signatures of under- 
doped cuprate superconductors. Moreover, we find a tran- 
sition from pseudogap-like to Fermi liquid-like behavior at 
further increased doping, and thus a strong resemblance 
to the cuprate phase diagram. 

Polycrystallinc LaFeAs0i_2;F:E (0 < a; < 0.2) and 
SmFeAs0i_2:Fi: (0 < a: < 0.1) were prepared and 
characterized by powder X-ray diffraction (XRD) and 
wavelength-dispersive X-ray spectroscopy (WDX) [21] and 
further characterized by magnetization [22], nuclear mag- 
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Fig. 1: a) p{T) of LaFeAsOi_^F^, normalized to p(296 K) 
and shifted for better visualization. Red (blue) data points 
refer to superconducting (non-superconducting) samples, b) 
Normalized p{T) a.t x = 0.05. The solid line shows the low-T 
extrapolation of a linear fit between 250 and 300 K. c) Normal- 
ized p{T) at a; = 0.1. The solid line represents a fit according 
to p{T) = /9o + AT"^ (fit between 50 and 150 K). d) Normalized 
p{T) at a; = 0.15. The solid line shows the low-T extrapolation 
of a linear fit between 250 and 300 K. 



netic resonance [23], and muon spin rotation (/iSR) ex- 
periments [3,6,7,24]. The amount of impurity phases 
does not exceed the XRD resolution limit of ^ 5% ex- 
cept for slightly higher impurity concentrations at the re- 
spective maximal F-doping levels. The largest peaks in 
the XRD spectra correspond to the insulating impurity 
phases LaOF, AS2O3 and Sm2 03 and thus no significant 
effect on the transport properties is expected. According 
to the WDX analysis the ratio of the nominal and the 
actual F-content in the material is approximately 1:1 in 
LaFeAsOi_a;Fa; and 2.5:1 in SmFcAsOi-xF^. AH dop- 
ing levels in the text thus correspond to the WDX result. 
Note, that for SmFeAsOi-^jFj; the doping levels investi- 
gated by Liu et al. [25] and our nominal doping levels yield 
similar critical temperature values. We note further, that 
none of our superconducting samples shows a transition 
towards orthorhombic structure [6,7,21,26]. The samples 
were investigated by four-probe p measurements using an 
alternating DC-current. Details of the data analysis can 
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Fig. [T^) presents our data for p of LaFcAsOi-^Fj; as 
a function of temperature T for all investigated doping 
levels < a; < 0.2. Upon cooling, p{T) of the non- 
superconducting parent compound LaFeAsO develops a 
deviation from the linear T-dependence near 300 K which 
leads to a maximum at Tmax ~ 160 K and a subsequent 
sharp drop with an inflection point at Tdrop ~ 137 K. We 
have previously shown [3] that the well established struc- 
tural and SDW transitions at T5 w Tmax and T/v ~ Tdrop 



in this compound are intimately connected with these fea- 
tures. Upon further cooling, p{T) shows a minimum at 

70 — 90 K followed by a strong low-T upturn which is 
indicative of carrier localization, presumably arising from 
a SDW gap. When increasing the F-doping level up to 
X ~ 0.04, the essential features of p(T) remain qualita- 
tively the same as in the undoped material. In particular, 
2^max and Tdrop BSC slightly shifted towards lower T, and 
a little broadening of the corresponding anomalies occurs. 

A further increase of x leads to a sudden occurrence of 
superconductivity with rather high critical temperature 
Tc [7] and drastic changes in p{T) in the normal state. 
For 0.05 < a; < 0.075, a low-T upturn (T < 60 K) is still 
present before entering the superconducting state, which 
is reminiscent of the low-T upturn of the low-doping com- 
pounds. At high T, however, the clear features at ~ 150 K 
of the non superconducting samples have disappeared. In- 
stead, p increases monotonically for T > 60 K up to 300 K. 
A close inspection of this increase reveals a surprising fea- 
ture: while p(T) becomes linear at T > 250 K, it drops 
below the low-T extrapolation of this linearity (cf. fig. [T]3 
for a representative example). This drop is connected with 
an inflection point at Tdrop ~ 150 K, which can be conve- 
niently extracted from the derivatives dp/dT. Thus, de- 
spite the suppression of the actual structural and magnetic 
transitions, a distinct reminiscent feature with the same 
energy scale persists in these superconducting samples. 

Yet another drastic systematic change of p{T) is ob- 
served when the doping level enters the regime 0.1 < 
X < 0.2. Here, instead of the low-T upturn, we find 
p(T) = po + AT^ (po ~ const) from just above Tc up to 
^ 200 K, i.e., a Fermi- liquid-like behavior [27] which in- 
dicates enhanced electron-electron interaction (cf. fig. [TJ; 
for a representative example). A maximum Tc = 26.8 K is 
observed at a; = 0.1 which quickly diminishes with further 
increasing x [7]. Simultaneously, the anomaly connected 
with the inflection point becomes weaker at higher Tdrop 
and eventually vanishes completely for x > 0.15 where 
the quadratic low-T increase shows a smooth crossover to 
a linear high-T behavior (cf . fig. [TJi) . 

At this point, a striking similarity to the electronic 
phase diagram of hole doped cuprates becomes apparent. 
In the underdoped region 0.05 < x < 0.075, the overall 
temperature dependence, i.e., the low-T upturn together 
with the feature at 150 K and the linear increase at higher 
T, almost perfectly mimics the resistivity of underdoped 
cuprate superconductors [16]. In particular, the feature 
at Tdrop amazingly resembles well known pseudogap sig- 
natures [16,17] . The finding of a Fermi-liquid-like behavior 
at higher doping levels a; > 0.1 (hereafter called overdoped 
region) is a further similarity if compared with the normal 
state of overdoped cuprates where a qualitatively similar 
p(T) is observed [16,17,28]. 

We summarize our major findings for LaFeAsOi-^-Fa, 
in the phase diagram shown in fig. [2l In the underdoped 
superconducting region the signatures of both the resistiv- 
ity drop and the low-T localization clearly 'survive' despite 
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Fig. 2: Phase diagram of LaFeAsOi_iiFi as a function of the 
doping level x and temperature T, highlighting the unusual 
p(T) as compared to that of the (approximately) linear p{T) 
near 300 K. The latter {^{T) = ^(r)-^(296 K) ^ 0) gives 
rise to the yellow areas. The blue regions (dp/dT < 0) indicate 
carrier localization/fluctuation and Fermi liquid- like behavior 
for X < 0.075 and x > 0.1, respectively. Across the whole phase 
diagram the red areas {dp/dT > 0) are centered around Tdrop 
and mark the signatures of the structural/magnetic transitions 
{x < 0.04) and the corresponding remnant feature {x > 0.05). 
The dark bars separate the non-superconducting, the under- 
doped and the overdoped superconducting regimes. The dia- 
gram shows also data points for Tc (Q), Tdrop (•), Tmax (0), 
and, where available, Tjv (A) and Ts (C) from fiSK and XRD 
experiments [7]. 

the suppression of the structural/magnetic transitions and 
the occurrence of superconductivity. These anomalous fea- 
tures strongly suggest that fluctuations connected to the 
SDW are still present. They apparently lead to a renor- 
malization of the charge carriers, thus playing a major 
role in the physics of the superconductivity in the sys- 
tem. The observation of Tdrop in the underdoped region 
being about the same as at a; < 0.04 shows that these fluc- 
tuations are of a similar energy scale as the actual SDW 
state. Intriguingiy, in the overdoped region the fluctuation 
features vanish and Fermi liquid-like behavior becomes in- 
creasingly dominating over a large T-range. In view of this 
strong change towards less unconventional normal state 
properties and the similarity to the cuprate phase dia- 
gram quantum critical behavior should be considered in 
this material [29,30]. 

We now turn to p{T) of SmFeAs0i_2;Fj;, which cover 
the doping range < a; < 0.1 (see fig. [3]). The direct 
comparison with LaFeAsOi-ajF^: reveals extensive simi- 




50 100 150 200 250 300 100 200 



Temperature (K) Temperature (K) 

Fig. 3: a) p(T) SmFeAsOi-^F^, normalized to p(296 K) and 
shifted for better visualization. Red (blue) data points refer 
to superconducting (non-superconducting) samples with Tc = 
36.2 K, 44.5 K, 52.1 K at x = 0.06, 0.08, 0.1. b) Normalized 
p{T) at a; = 0.06. The solid line shows the low-T extrapolation 
of a linear ht between 250 and 300 K. c) Normalized p{T) at x = 
0.08. Sohd lines represent hnear hts to the low-T (50 - 120 K) 
and high-T (250 - 300 K) linear regimes, d) Normahzed p{T) 
at X — 0.1. The solid line shows a linear ht to the region 
60 - 130 K. 

larities, in particular the structural/magnetic transitions 
[24, 26] which are observed in the non-superconducting 
compounds lead to the same salient features. Interest- 
ingly, the pseudogap-like anomalies become even more 
pronounced and noticeable without further analysis. 

The doping evolution of the electronic properties of 
SmFcAsOi-j^Fj; is summarized in the phase diagram in 
fig. [4] which apparently corresponds very well to that of 
LaFeAsOi-ajFj; in the non-superconducting and under- 
doped region. Note, that a Fermi liquid-like region is ab- 
sent for the investigated doping levels. We further point 
out that a low-T upturn as is found in LaFeAsOi_xFx is 
absent in the Sm-based compounds for all studied sam- 
ples. Apparently, the presence of the Sm moments mod- 
ifies the electronic structure in such a manner that the 
tendency towards localizing behavior is reduced, which 
indicates a significantly reduced SDW gap as compared 
to LaFeAsOi_xFx. This conjecture is consistent with re- 
cent Hall-effect data [25,31] which yield a much stronger 
SDW-induced reduction of charge carriers for the La-based 
system. 

One might speculate that the reinforcement of the 
pseudogap-like anomalies seen for the superconducting 
samples is related to substantial remnants of the structural 
and magnetic transitions at low doping. In fact, recent 
^SR data [4, 8] provide clear-cut evidence for magnetic 
order and/or slow magnetic fluctuation in all supercon- 
ducting species of SmFeAsOi-^^Fx, and thus corroborate 
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Fig. 4: Phase diagram of SmFeAsOi-^F:,;. As in fig. El the 
diagram highlights where dp/dT is larger (red), smaller (blue) 
or equal to the slope near 300 K (yellow). The dark bar marks 
the transition from the non-superconducting to the supercon- 
ducting region. The diagram shows also data points for Tc 
(O)' 2^drop (•), ?max (0) extracted from the resistivity, and Ts 
(□) from XRD experiments [26]. Note, that at x = 0.04 T^ax 
has been extracted after subtracting a linear background which 
matches p{T) near 300 K. 
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Fig. 5: Schematic phase diagram of FeAs superconductors. The 
red, green and blue regions indicate the SDW, superconduct- 
ing and Fermi liquid-like regions, respectively. In the 'strange- 
metal' region unusual p{T) is observed. The black bar marks 
the doping-driven transition from the SDW state to supercon- 
ductivity, which is of first order character and/or accompanied 
by strong inhomogeneity, i.e., the coexistence of the supercon- 
ductivity and static magnetism. 



this notion. 

The direct comparison of the phase diagrams shown 
in Figures [2] and |4] allows important conclusions about 
the correlation of anomalous transport behavior and su- 
perconductivity. Interestingly, is strongly enhanced 
in SmFeAsOi-j^Fj, despite the reinforcement of the 
pseudogap-like features and static magnetism [4,8], and 
thus suggests the intimate connection between these phe- 
nomena. On the other hand, in LaFeAs0i_2;Fa; the fading 
of the pseudogap-like anomalies at high doping levels is 
accompanied by a weakening of the superconducting state 
which is readily seen by the strongly reduced Tc- Thus a 
key approach to unravel the nature of superconductivity in 
the iron pnictide materials is the understanding of the na- 
ture of the electronic renormalization which is connected 
with the fluctuation of the SDW state. 

To conclude, our data unambiguously show that the 
high temperature superconductivity in the iron pnictides 
is intimately correlated with anomalous transport proper- 
ties in the normal state. This is clearly seen in the evolu- 
tion of the superconducting dome as a function of doping, 
which is accompanied by strong changes of the electrical 
resistivity at higher T. In particular, a rather conven- 
tional Fermi liquid-like behavior occurs in the overdoped 



region where the critical temperature Tc is small. True 
high-Tc superconductivity with > 20 K is found only 
in the lower doped region of the phase diagram where the 
resistivity shows pronounced anomalies which are clearly 
related to the anomalous SDW state of the undoped par- 
ent compounds. Note, that the stronger manifestation 
of these anomalies in SmFeAsOi_a;Fa; is connected with 
an enhancement of Tc- Summing up all these anomalous 
features, the electronic phase diagram of the FeAs super- 
conductors (cf. fig. [5]) yields a striking resemblance to the 
generic phase diagram of cuprate superconductors [30, 32] 
and that of other unconventional superconductors in the 
vicinity of a quantum critical point [19,20]. However, un- 
like the latter examples, the doping-driven transition from 
the non-superconducting magnetic ground state to super- 
conductivity appears to be first order-like and/or accom- 
panied by inhomogeneity [4, 8, 9, 14]. 
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Supplementary information - The following figures 
illustrate specific features of p{T) of LaFcAsOi-ajF^: and 
SmFcAsOi_a;Fa;. Supplementary Figure [5] shows how Ts 
and Tn can be inferred from the resistivity of the non- 
superconducting samples of LaFeAsOi_a;Fj;. The dop- 
ing trend of the absolute value of p of LaFeAs0i_2;Fa; 
at room temperature is given in Figure [T) The deriva- 
tives dp/dT for all doping levels of LaFeAsOi-ajF^: are 
shown in Figure [5] These data were used to extract Tdrop 
and T„iax- In order to highlight the unusual normal state 
properties we compare ^ (T) with its value at room tem- 
perature where ^ w const. For this purpose, we define 
^(T) = ^(T) - ^(296 K) for the use in Figures 2 and 
4 of the article. Figures [51 [TUl and [TT] show the respective 
data for SmFeAsOi^^jFa;- 
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Fig. 6: p(T) and the derivative dp/dT at s = near Tjv and 
Ts. Vertical dashed lines mark Tn and Ts from ^SR and x-ray 
diffraction experiments, respectively [7]. The blue dotted line 
indicates the zero of the dp/dT axis. 
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Fig. 7: p of LaFeAsOi-iFj: at 296 K as a function of doping. 
The geometrical error amounts to less than 15%. 
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Fig. 8: dp/dT of LaFeAsOi-a^Fa; for all studied doping levels 
a:: as a function of temperature. The shown data have been 
multiplied by suitable factors and shifted for better visualiza- 
tion. Red (blue) data points refer to superconducting (non- 
superconducting) samples. The solid lines are guides to the 
eye. 



The electronic phase diagram of iron-oxypnictide superconductors 





3.5 




3.0 


E 




o 


2.5 


G 






2.0 








1.5 




1.0 



SmFeAsO F 

1-X X 




100 150 200 

Temperature (K) 

Fig. 9: p{T) and the derivative dp/dT at a; = near Tjv and Tg. 
Vertical dashed lines mark Tn and Tg from /iSR [24] and x-ray 
diffraction [26] experiments, respectively. The blue dotted line 
indicates the zero of the dp/dT axis. 
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Fig. f f : dp/dT of SmFeAsOi-ajFj; for all studied doping levels 
X as a function of temperature. The shown data have been 
multiplied by suitable factors and shifted for better visualiza- 
tion. Red (blue) data points refer to superconducting (non- 
superconducting) samples. 
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Fig. 10: p of SmFeAsOi-iFi at 296 K as a function of doping 
The geometrical error amounts to less than 15%. 
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